T cell activation and function require a structured engagement of antigen-presenting cells. These cell contacts are characterized by two distinct dynamics in vivo: transient contacts resulting from promigratory junctions called immunological kinapses or prolonged contacts from stable junctions called immunological synapses. Kinapses operate in the steady state to allow referencing to self-peptide-MHC ( pMHC) and searching for pathogen-derived pMHC. Synapses are induced by T cell receptor (TCR) interactions with agonist pMHC under specific conditions and correlate with robust immune responses that generate effector and memory T cells. High-resolution imaging has revealed that the synapse is highly coordinated, integrating cell adhesion, TCR recognition of pMHC complexes, and an array of activating and inhibitory ligands to promote or prevent T cell signaling. In this review, we examine the molecular components, geometry, and timing underlying kinapses and synapses. We integrate recent molecular and physiological data to provide a synthesis and suggest ways forward.
INTRODUCTION
T cells have evolved a highly efficient mechanism for finding and discriminating antigen while integrating multiple environmental cues to determine the context of these signals.
Efficiency is important for T cells for several reasons: T cell receptors (TCRs) must be able to recognize a few activating peptide-MHC (pMHC) complexes (∼10) in a sea of selfpMHC on the surface of an antigen-presenting cell (APC). Furthermore, the difference between an activating and nonactivating pMHC complex can be a single conservative amino acid change, sometimes translating into minor differences in affinity. Next, antigen recognition in vivo occurs on the fly as cells brush past each other at surprisingly rapid speeds. These connections, or hapsis, are necessary because the TCRs and pMHC are both membraneanchored molecules that span a combined length of nearly 15 nm. We refer to these interactions as immunological kinapses when fleeting and immunological synapses (IS) when longer lived. In theory, each APC could be expressing different arrays of pMHC, adding to the complexity problem. Finally, TCRs are unique and clonal, generated by random swapping and editing of DNA segments prior to any exposure with cognate pMHC. Each individual must evolve their own repertoire of receptors over a period of a few weeks to optimize the thermodynamic receptor-ligand engagement process in their particular genetic background. Although the starting TCR repertoire is not entirely random and has some bias toward recognizing pMHC (1) , this is still a remarkably ad hoc process compared with other receptor-ligand systems that have evolved over millions of years. Nevertheless, for the most part, these systems are highly capable of identifying rare pathogen-associated ligands while learning to ignore self and benign foreign antigens. The consequences of errors are profound: autoimmunity resulting from inappropriate recognition of self, allergies and hypersensitivity from inappropriate recognition of benign foreign antigens, and chronic infection or death because of a failure to recognize or mount an appropriate response to pathogen-associated antigens. Therefore, and not surprisingly, the mechanisms and mystery of T cell activation have received great attention in various fields of biology and medicine for quite some time. In recent years, the ability to image T cell activation by high-resolution in vitro methods and under physiological conditions in vivo has boosted our understanding of these processes and has helped to unify a diverse but often disjointed body of biophysical and functional data. In this review, we deal with the molecular reorganization that occurs during activation, the degeneracy of this phenomenon in other synapses, and the impacts on physiological conditions in vivo. We also try to integrate how the in vitro lessons instruct us on the cellular behaviors observed in vivo.
To understand T cell activation, we must first visit the steady-state behavior of T cells in vivo. The advent of two-photon laser scanning microscopy (TPLSM) imaging of lymphocytes in vivo has exposed the physiological behavior of these cells, which have long been studied ex vivo. It has also provided a metric to evaluate the physiological relevance of divergent in vitro observations. Early studies by Cahalan, Miller, and colleagues (2, 3) illustrated that naive T cells are in constant motion, scanning the lymph node at high rates (10-15 μm/min average, 25 μm/min burst speeds) in search of antigen and danger signals and capable of contacting 5000 dendritic cells (DCs) in 1 h.
Lymphoid tissue contains a complex but stereotyped array of cells and signals that are highly compartmentalized but fluid at the same time. A common characteristic is adjacent zones dominated by T or B cells, each tethered to distinct stromal networks. T cells kinapse with fibroblastic reticular cell networks and appear to use these to access DCs that form an interdigitating network and process past or stream with other lymphocytes via transient adhesive interactions coupled to the actin cytoskeleton (4) (5) (6) . These surfaces are covered with stop, go, and exit signals that T cells must integrate to decide what to do (7, 8) . A major stop signal is agonist pMHC on a DC. Three phases have been described in T cell interaction with pMHC (9) . Phase 1 is initial transient T cell-DC interactions characterized by continued rapid T cell migration that can last from 30 min to 8 h depending on the pMHC density. Signals in phase 1 are integrated through kinapses. Phase 2 is a period of stable T cell-DC interactions lasting ∼12 h, during which cytokines such as IL-2 are produced. Signals in phase 2 are integrated through IS. Phase 3 is a return to transient T cell-DC interaction and rapid T cell migration during which the T cell divides multiple times and then exits the lymphoid tissue. The correct interpretation of these stop and go signals is critical for generation of effector and memory T cells (10) . This is the environment in which T cells engage antigen. We return to the in vivo view after developing the in vitro details.
From high-resolution imaging of in vitro T cell-APC conjugates and from imaging of T cells interacting with supported bilayers, we have been able to illuminate the molecular organization of T cell activation. Fixed-cell imaging studies by Kupfer (11) revealed the formation of a bull's eye pattern with a central cluster of TCR-pMHC, defined as the cSMAC (central supramolecular activation complex), surrounded by a ring of the cognate integrin LFA-1 (lymphocyte function-associated antigen 1) and its immunoglobulin superfamily ligand ICAM-1 (intercellular adhesion molecule 1), defined as the pSMAC ( peripheral SMAC). The region outside the pSMAC, which appeared to be rich in CD45, was referred to as the dS-MAC (distal SMAC) (12) . Contemporaneous studies with supported planar bilayers revealed a similar stable configuration of small and large adhesion molecules in activated T cell contacts, suggesting an IS (13) . Dynamic studies with planar bilayers further showed that the IS is formed through a nascent intermediate in which activating TCR clusters form first in the dSMAC and then move to the cSMAC region in an F-actin-dependent process in a few minutes to form the pattern described by Kupfer (11) . Formation of the IS, regardless of the size of the cSMAC, correlates with full T cell activation over a timescale of hours, leading to an initial characterization that the IS is important for sustained TCR signaling (14) . We initially thought that the TCR translocation from the dSMAC to cSMAC was a one-time event driven by actinomyosin contraction (15) . However, it is now clear that TCR signaling is sustained by TCRs (MCs) that are continually forming in the dSMAC and moving to the cSMAC (16) . This ongoing process of cluster formation and transport often ends in TCR signal termination (16), but not always (17, 18) . We discuss the sequence of T cell activation by first examining the life cycle of TCRs.
THE LIFE CYCLE OF TCRs DURING T CELL ACTIVATION TCR Triggering
T cells can coordinate responses to as few as 10 agonist peptides presented on an APC (19) . The exact mechanism of initial TCR triggering is unknown and remains hotly disputed. An intriguing study recently demonstrated that nonphosphorylated immunoreceptor tyrosine-based activation motif (ITAM) tyrosines are buried in the inner leaflet of the plasma membrane based on synergy with a positively charged N-terminal sequence that interacts with acidic lipids in the inner leaflet of the plasma membrane (20) . Under normal conditions the phosphorylation of the ITAMs is inhibited unless the negative charge of the plasma membrane is reduced to allow the ITAM to dissociate from the membrane and become accessible to phosphorylation. This electrostatic switch that exposes the ITAMs may be an important early event in TCR triggering.
To achieve high sensitivity, however, T cells must overcome the low affinity of TCR-pMHC interactions (21, 22) . Although it is generally accepted that higher affinities tend to correlate with activating peptides, strict correlations between TCR-pMHC affinity and T cell reactivity have been described predominantly in ANRV406-IY28-04   ARI  29 October 2009  16:25 thymocytes (23) and peripheral CD8 T cells (24) . In peripheral CD4 T cells, there remains a partial discord between affinity (or off rates) of TCR to pMHC and the functional outcome for activation, and this prevents complete resolution. One example of this divergence comes from recent work from the Shaw lab that has characterized altered peptide ligands (APLs) of the cognate antigen moth cytochrome c (MCC) peptide, which is recognized by the AND TCR (17, 25) . In these papers, the investigators showed that a peptide variant, K99A, with lower affinity for the AND TCR than cognate antigen for the AND TCR, nevertheless can induce equivalent or even elevated levels of T cell proliferation when presented by the same B cell APC as the higher-affinity MCC 88−103 -I-E k complex. Understanding TCR triggering is
MEASURING 2-D AFFINITY AND KINETICS
Much of the thermodynamic and biophysical data on TCRpMHC interactions have been measured in solution or, to put it differently, in systems where six degrees of kinetic freedom (from x, y, and z translation and x, y, and z rotation) are lost upon binding. In theory, two apposed cell membranes should constrain TCR and pMHC movement such that only three kinetic degrees of freedom (x, y translation and z rotation) are lost on binding (Figure 1) . We quantified the 2-D interactions of CD2-CD58 adhesion molecules, which form a large central aggregate, much as the TCR forms a cSMAC (28) . Within the central cluster, we determined a 2-D dissociation constant (Kd) of 1.7 molecules/μm 2 (29) (30) (31) . Photobleaching experiments yielded an off rate of 0.074 s −1 and an on rate of 0.044 μm 2 /s (32). The off-rate value was ∼100-fold slower than that predicted by solution measurements, possibly due to constrained diffusion leading to cycles of rebinding of CD2 and CD58 prior to exchange. Whether similar rebinding effects govern TCR-pMHC interaction is unknown. Estimating 2-D Kd for the 2B4 TCR interaction with I-E k with MCC peptide 88-103 yields a value of 10 molecules/μm 2 , five-fold weaker than the CD2-CD58 interaction, and the TCR also displayed slower photobleaching recovery rates, suggesting a relatively long effective lifetime compared with CD2-CD58 (14) . The effective lifetime of the TCR-pMHC complex with rebinding is likely to be the important parameter for signaling through the TCR.
further complicated by a variance in the threshold affinities for pMHC by different TCRs for activation (26) . Moreover, the orientation and footprint for binding can vary among TCR/pMHC complexes, with some alloreactive TCRs binding pMHC interfaces in unconventional orientations (27) . Physical models for relating solution affinity to functional triggering are still not fully predictive, suggesting that direct measurements of interactions in contact areas are needed (see sidebar and Figure 1 ).
Microcluster Formation
Various experimental models have revealed the subtleties of TCR activation (summarized in Table 1 ). One pathway to T cell activation is based on induction of TCR clustering by cross-linking with bivalent IgG and secondary antibodies. Surface adsorbed, bivalent anti-CD3 antibodies induce actin-dependent TCR clusters (33) (34) (35) . Anti-CD3 tethered to planar bilayers can also induce MCs and mature IS (36). Whether these MCs and cSMACs are the same as those induced by pMHC is not yet clear. In solution, chemically defined pMHC class II dimers with optimal spacing are the minimal soluble stimuli for CD4 T cell activation (37).
How pMHC presented by APCs or on other surfaces triggers T cell signaling is unclear. Recent studies have shown transient Ca 2+ elevations in response to a single pMHC (19) and sustained Ca 2+ elevation in response to chemically defined heterodimers of agonist pMHC and endogenous pMHC (38). Planar bilayers presenting pure agonist pMHC and ICAM-1 induce formation of TCR MCs within seconds of ligand engagement (14, 39) . Titration studies suggest that MCs require a single pMHC complex to nucleate, and the pMHC may serially engage several TCR complexes within the same MC (40). This may be analogous to the rebinding process described above for CD2-CD58 interactions. Therefore, although a single pMHC may trigger the TCR, a multivalent TCR complex seems to form regardless. The TCR clusters may also preexist and become stabilized 4 Fooksman et al.
Changes may still occur before final publication online and in print. Although the stoichiometry of the TCRpMHC interaction is 1:1, we do not know how rapid binding and dissociation, combined with cytoskeletal interactions, influence the effective valency in the TCR MCs. The question of how these low-valency, low-affinity TCRpMHC interactions lead to cluster formation is also unknown, but we know of two mechanisms by which signal initiation within MCs might be supported. First, cluster formation and T cell activation are critically dependent on the actin cytoskeleton (16, 33, 35, 39, 40) . Secondly, early signal integration within clusters might be supported by size-dependent exclusion of large phosphatases such as CD45 for the life of the MC, a process now known as kinetic segregation. Springer (43) was the first to speculate that size-dependent exclusion of CD45 could be a basis for initiation of TCR signaling. 
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cSMAC and Signal Termination
Upon reaching the cSMAC, the signaling molecules dissociate from the TCR MCs, and signal termination and TCR degradation begin (16, 39, 45) . The first clue regarding the mechanism came from detection of 6 Fooksman et al.
Changes may still occur before final publication online and in print. The behavior of ESCRT complexes within the IS is both domain and substrate specific. Sorting of TCR for termination of signaling and degradation occurs exclusively at the cSMAC. TCRs that do not interact with TSG101 are unable to enter the cSMAC. This is in line with prior reports demonstrating specific recruitment of MVBs to the cSMAC (16) and elevated signal transduction when engagements are restricted to the periphery, either by physical barriers (49) or by immobilized ligands (50). This is the first demonstration that ESCRT functions have been linked to protein organization within spatially segregated domains of a polarized cell interface and provides new possibilities for ESCRT proteins to respond to polarized stimuli. Importantly, ESCRT-mediated TCR sorting into the cSMAC also critically depends on ubiquitination, as neither ubiquitin-depleted nor ubiquitin-noninteracting ESCRT-I can induce cSMAC formation. It is not known how TCR signaling is sustained in the cSMAC in some situations, particularly in CD8 + cytotoxic T lymphocytes (CTLs) where this signaling may play an important role in cytotoxic granule targeting to the secretory domain adjacent to the cSMAC (51). This process could be controlled at the level of ubiquitin ligases, deubiquitinating enzymes, or ubiquitin recognition, to name only three potential control points. The consequence of disabling ESCRT-I leads to chronic TCR signaling, which could be deleterious if left unchecked. Thus, the TCR signaling cascade is likely modulated rather than completely inactivated in cells displaying cSMACassociated signaling such as CTLs.
ADDITIONAL PLAYERS OF THE SYNAPSE AND T CELL ACTIVATION

Adhesion and Costimulatory Molecules
LFA-1 engagement of ICAM-1 is essential for IS formation in vitro and in vivo and acts in several ways. Initially, these molecules serve as adhesion molecules, tethering opposing T cell and APC membranes within tens of nanometers, facilitating TCR-pMHC interactions. Engaged LFA-1 quickly consolidates into an enriched pSMAC network, which may provide the positional stability that allows it to enhance T cell sensitivity to antigen 100-fold as compared with the situation in the absence of LFA-1 engagement (52).
TCR activation induces Rap1 activation through ADAP (adhesion and degranulationpromoting adaptor protein) and SKAP55, which leads to a clustered higher-affinity LFA-1 binding of ICAM-1, referred to as insideout signaling (53, 54). Engagement of highaffinity LFA-1 generates positive feedback on TCR-induced Ras activation by shifting Ras activation from the Golgi to the plasma membrane (55). In the thymus, this process may significantly affect negative selection, which is characterized by similar shifting of Ras activation from the Golgi to the plasma membrane (23) . Linking of integrins to actin is generated by focal adhesions in many cells and involves myosin-driven recruitment and activation of force-sensitive substrates such as p130Cas, fyn, and other mediators of integrin scaffolding (56). LFA-1 microclustering and pSMAC formation are critically dependent on Talin activity but also appear to depend on myosin IIA-based contraction and may involve a role for forcesensitive substrates such as p105CasL (57; S. Vardhana, L. Santos, M. Sheetz, and M. Dustin, unpublished observations). One model for integrin activation suggested that LFA-1 was transiently released from actin to facilitate diffusion and interaction with ligands, but recent high-resolution imaging of the formation of integrin-mediated adhesion suggests that integrins are preclustered by an F-actin bundle in the lamellipodium prior to ligand binding (58).
TCR MCs also serve as sites for initiation of costimulation. The critical costimulatory receptor CD28, when engaged by its primary ligand CD80 (B7.1), is highly enriched in TCR MCs (59). Incorporation of CD28 into MCs is completely independent of its signaling, occurring in the absence of a cytoplasmic region of CD28 (59) where PKCθ ( protein kinase Cθ) binds. This finding is consistent with phosphorylation-independent formation of TCR MCs (42). The CD28-CD80 complexes are transported in TCR MCs to the cSMAC, at which point they array in an annular cluster around the cSMAC, segregated from TCRs ( Figure 2 ). This CD28-PKCθ compartment is actively maintained. Fluorescence recovery after photobleaching (FRAP) experiments with PKCθ or CD28 have shown that it rapidly recovers after photobleaching, indicating a dynamic enrichment in this compartment (59), and application of anti-CD3 rapidly induced loss of CD28-CD80 clusters in T cell-DC interfaces (60) . This is in contrast to TCR in the cSMAC, which does not recover quickly after photobleaching (14) or dissipates upon addition of anti-pMHC antibodies (16) . Although it is unclear what maintains the CD28-PKCθ annular ring around the cSMAC, it may be related to the fact that the structure is situated at the boundary between F-actin-rich and F-actin-depleted zones of the IS. Activated PKCθ is necessary for formation of cytoplasmic Bcl10/MALT1-rich foci that lead to NF-κB (nuclear factor κ-light-chainenhancer of activated B cells) translocation into the nucleus (61).
CD2 functions equally as an adhesion and costimulatory molecule. We have recently observed the generation of novel signaling domains in response to activation of the T cell costimulatory molecule CD2 by its murine ligand, CD48. CD2 functions prominently as a costimulatory molecule by lowering the threshold for T cell activation (62) . CD2 engagement induces unique phosphorylation of phospholipase γ1 (PLCγ1) via Fyn kinase (63) , potentiating intracellular calcium levels above those achieved in response to TCR triggering alone. CD2 also can facilitate T cell adhesion to APCs (62) . Because it spans a similar intermembrane distance as TCR-pMHC, CD2-CD58 interactions may facilitate the construction of closely apposed domains for facilitation of TCR-mediated signaling in loci that exclude phosphatases such as CD45 with large extracellular domains (28). CD2 had been described during IS formation as a large accumulation only within the cSMAC (64) . However, we have found that, although a proportion of engaged CD2 is quickly routed to the cSMAC, the remainder consolidates into distinct foci within the dSMAC (S. Vardhana and M. Dustin, unpublished observations). These outer foci remain anchored in the periphery and are not translocated to the cSMAC. We have found that CD2 associates with the signaling molecule Fyn in the periphery but is largely silent in the cSMAC. Thus, engaged CD2 contributes to T cell activation in discrete ways that depend on its localization within the IS.
Inhibitory Receptors and Cosignaling
T cell activation and IS formation can be constrained by the action of inhibitory receptors. The classic example is expression of cytotoxic T lymphocyte antigen-4 (CTLA-4, CD152) on T cells after activation, which dampens signaling by a variety of mechanisms. CTLA-4 can outcompete CD28 for binding to costimulatory ligands B7-1 (CD80) and B7-2 (CD86) (65) . CTLA-4 localization in synapses depends on ligand engagement (66) , and ligand dosage and its engagement reduces ZAP-70 recruitment to 8 Fooksman et al.
Changes may still occur before final publication online and in print. Spatiotemporal map of synapse formation. Side and en face views of the T cell as it engages an APC. The migrating cell has a polarized cell body with actin polymerization at the leading edge and myosin contraction at the uropod. The membrane topology in the migrating cell is poorly understood. The early/immature synapse has symmetrical actin polymerization radiating outward from the center along the perimeter of the contact surface and cytoskeletal contractions through myosin radially inward to the center. The early synapse only contains microclusters, and after a few minutes these accumulate and form the cSMAC.
MCs (67) . Despite CTLA-4's effect on MC signaling, it is unknown if it colocalizes with them. It recruits SHP2 and SHP1 and blocks Akt phosphorylation (in a CD28-dependent manner for the latter), inhibiting T cell activation. Although cross-linking CD3 on previously (69) . Another inhibitory molecule involved in cosignaling in T cells is the programmed-death 1 receptor (PD-1, CD279), and, as its name suggests, it was first identified as a proapoptotic factor on CD8 T cells (70) . PD-1 is part of the CD28 family, which also includes CTLA-4, ICOS (inducible T cell costimulator; CD278), and BTLA (B and T lymphocytes attenuator; CD272) (71) . PD-1 has two ligands-PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273)-although PD-L1 can also interact with CD80 to generate inhibitory signals (72) .
Recently, PD-1 has become implicated as a marker for the "exhausted" phenotype of antigen-specific CTLs that is associated with chronic viral infections such as human immunodeficiency virus (HIV), simian immunodeficiency virus (SIV), and lymphocytic choriomeningitis virus (LCMV) clone 13 in mice (73, 74) . Exhaustion has been characterized as an inability to produce effector cytokines, such as IFN-γ and IL-2, and by diminished proliferation. The level of expression of PD-1 positively correlates with the degree of functional exhaustion, but this phenotype is actively maintained by signaling. Blockade of PD-1 ligands can restore the functionality of the exhausted T cells and can curtail chronic viremia. As with a deficiency in CTLA-4, mice deficient for PD-1 also have an autoimmune disorder; however, it manifests later in life (75) . PD-1 signaling inhibits CD28-dependent PI3K activation (76) and thus blocks Akt activation. The role played by PD-1 in TCR MCs is unclear. As with CTLA-4 in cancer, blockade of PD-1 signaling is being explored as a new therapy for patients with chronic viral infections (77) .
Many questions remain regarding cosignaling of these receptors. For example, does PD-1 expression impair T cell arrest, as does CTLA-4 expression? From imaging experiments and affinity measurements, there seems to be a crosstalk between members of the CD28 receptor family and ligands of the B7 family. Furthermore, various receptors have nontrivial affinities for contra-ligands, and PD-L1 and PD-1 are both expressed on T cells. This suggests that these interactions may take place in homotypic (T cell-T cell) interactions or even in cis, e.g., between membrane projections from the same cell. Moreover, where does PD-1 localize at the IS and is its spatial and temporal control important for exerting its negative regulatory role in T cell activation? Addressing these questions will provide additional insight into how T cell activation versus inhibition is controlled. Although the inhibitory action of CTLA-4 and PD-1 may sometimes be exploited by pathogens or tumors to escape the immune response, these mechanisms are likely important in averting immunopathology.
The Actin Cytoskeleton
Actin filaments (F-actin) play a critical role throughout the various stages of T cell activation (Figure 2) . In the steady state, actin polymerization at the leading edge and cytoskeletal contraction at the uropod mediate rapid migration during scanning (78) . Upon T cell engagement of an APC bearing agonist pMHC, the T cell's machinery for locomotion is recycled for synapse formation (Figure 2) . Globally, actin polymerization continues as before, but without T cell displacement (79) . The T cell spreads a lamellar sheet over the APC surface, inducing outward, radial actin polymerization. This is coupled to contraction and centripetal flux of F-actin toward the center of the IS, which eventually becomes the cSMAC (36). Dynamic protrusion and retraction produce contractile oscillations in the lamellipodium (80) . These oscillations may allow the T cell to rake the
Changes may still occur before final publication online and in print. TCR signaling also induces F-actin remodeling. TCR triggering leads to LAT and SLP-76 activation, which in turn recruit Vav1, the guanine exchange factor for the Rho GTPases Cdc42 and Rac1 (82) . Activated Cdc42 and Rac1 interact with WASp (WiskottAldrich Syndrome protein) and the WAVE2 complex, respectively, to recruit and activate the actin-related protein 2/3 (Arp2/3) complex, leading to dendritic nucleation of F-actin (82) (83) (84) . However, MC formation is independent of Src kinase activity, which indicates that actin-dependent MC formation precedes TCR signaling.
TCR triggering and MC formation depend on F-actin. Disrupting actin filaments with latrunculin A (LatA) inhibits MC formation and signaling. Antigen sensitivity is elevated in the lamellipodium, where actin polymerization is concentrated (85, 86) . The stability and transit of MC to the cSMAC also depend on the actin cytoskeleton. Waves of F-actin, which can be seen flowing toward the cSMAC (87), seem to shuttle MCs to the cSMAC. The interaction of TCR MCs with actin is discontinuous, as shown by the ability of MCs to translocate around F-actin barriers (88) .
The nonmuscle actin motor protein, myosin IIA, is also a key player in MC movement and signaling. This myosin isoform is the only one expressed in mouse T cells, whereas human T cells also express myosin IIB (89, 90) . Myosin IIA knockdown CD4 T cells can form TCR MCs, but these MCs are barely mobile and cannot translocate efficiently to the cSMAC (91) . In MCs formed in the absence of myosin IIA, there is a markedly diminished recruitment and activation of ZAP-70 and LAT (91) .
Coincidentally, both MC signaling and the actin cytoskeleton terminate at the cSMAC. The mechanism that couples MC signaling to the cytoskeleton is still unclear. The void in F-actin in the cSMAC is important for localized exo-and endocytosis (92, 93) . It is unclear what maintains the F-actin-free zone in the cS-MAC, but this may be important for vesicle trafficking.
The Microtubule Network
The microtubule organizing center (MTOC) and microtubule network of the cell provide a molecular highway for vesicle traffic and structural support for polarized cell functions. Within seconds after TCR stimulation, the MTOC mobilizes and polarizes to the IS in T cells (94, 95) . Polarization is important for efficient trafficking and directed secretion of cytolytic granules and cytokines for secretion at the synapse (95, 96) .
The mechanism that initiates MTOC polarization is poorly understood. Signaling through TCR is required, with several downstream factors implicated, such as Lck, ZAP-70, LAT, SLP-76, and Ca 2+ influx (97) (98) (99) . Localized diacylglycerol production by PLCγ precedes MTOC polarization (100). The microtubule minus-end-directed motor dynein is recruited to the IS via an interaction with the adaptor ADAP, and knockdown of either protein abrogates MTOC polarization (101, 102) . SLP-76 may mediate and help localize the assembly of the dynein-ADAP complex (103) . Actin polymerization is also involved in MTOC polarization. Two of the formin family members, formin-like 1 (FMNL1) and Diaphanous 1 (Dia1), colocalize with the centrosome, form a ring-like structure surrounding the MTOC, and control its polarization as well as cellmediated killing. The formin family of proteins nucleates actin into linear filaments found in actin cables, filopodia, and stress fibers (104) . Branched actin structures generated by the Arp2/3 complex may not be involved in polarization (105) . The plasma membrane proximal localization of the centrosome at the IS is reminiscent of centrosome positioning in basal bodies of flagella and cilia, although leukocytes lack the primary cilium that acts as sensory structures in epithelial cells. However, an evolutionary connection between the IS and sensory cilium is suggested by the recent finding that intraflagellar transport proteins play a critical role in sustaining the IS and T cell signaling (106) . Questions remain regarding the molecular mechanism and the dynamics of MTOC polarization in various aspects of the IS. How these structures function in CD4 cytokine versus CTL granule secretion is unclear. Additionally, MTOC polarization is likely involved in asymmetric cell division and segregation of polarity proteins.
Calcium and T Cell Activation
Ca 2+ signaling is required for full T cell activation and function (107 (114, 115) . In T cells, Orai1 and STIM1 are recruited to the IS in response to antigen-bearing DCs, resulting in increased local Ca 2+ entry at the T cell-APC interface (116) . STIM1 and Orai1 interact in a stable complex in puncta at the IS of Jurkat T cells, interacting with anti-CD3-coated glass (117) . However, these clusters do not colocalize with TCR clusters. STIM1 and Orai1 recruitment to the IS is mediated through proximal TCR signals and is independent of sustained Ca 2+ signaling (116, 117 
Asymmetric Cell Division and the IS
Although synapse formation is critically important in the initial signaling events and the activation of T cells, we and others have proposed that termination of the IS plays a role in the fate selection of effector and memory cell differentiation via asymmetric cell division (125) . Asymmetric cell division is an evolutionarily conserved mechanism important in the generation of diverse cell types from a common progenitor (126) . Polarity complex proteins are required to partition cell-fate determinants asymmetrically in a cell undergoing mitotic division (127, 128) .
Polarity network proteins are expressed in T cells. These include proteins from the Par, Crumbs, and Scribble polarity complexes (129) (130) (131) (132) . The Par complex consists of the proteins Par3 and Par6 (127, 133) and an atypical protein kinase C-ζ (PKCζ) (134) , whereas the Scribble complex is composed of the proteins Scribble, Dlg, and Lgl (128, 135) . The Crumbs complex is composed of the proteins Crumbs, Pal1, and PatJ (136) . The expression of these proteins (129) demonstrated that prior to the first cell division of an activated T cell, Scribble was associated with CD3 and CD8 localization at the IS, whereas PKCζ segregated to the distal pole (opposite the IS). Upon the first division of activated CD8 + T cells, the parental cells underwent asymmetric cell division with one daughter cell proximal and the other distal to the IS, and the progeny retained the unequal inheritance of the proteins, with the proximal cell inheriting greater amounts of LFA-1 and CD8 and the distal cell inheriting greater amounts of PKCζ. The proximal daughter cell had an effector phenotype, whereas the distal cell had a memory phenotype in vivo. Teixeiro et al. (137) demonstrated that T cells with a mutation in the transmembrane domain of TCRβ had defects in polarity protein distribution and could proliferate and differentiate into effector T cells, but they did not generate memory T cells. The Scribble binding partner Crtam (MHC class I-restricted T cell-associated molecule), an Ig superfamily transmembrane protein (138) , may play a role in T cell polarity during the critical period prior to the first cell division (132) . Collectively, these data suggest that segregation of cell polarity proteins during T cell activation may provide a means to generate divergent cell subtypes from a single naive T cell.
Although asymmetric cell division in lymphocytes can give rise to distinct lineages of T cells (i.e., effector and memory precursors) (129), it is not clear whether the daughter cells that undergo subsequent divisions continue down the pathway of asymmetric division or whether there is a molecular switch that programs the cells to divide symmetrically. Furthermore, Bannard et al. (139) have recently shown, through the use of a granzyme B cellfate mapping system, that memory cells can arise from effector cells. This does not preclude the possibility that asymmetric cell division could occur after the first cell division in an effector precursor, giving rise to a memory cell. Alternatively, this may also indicate that there are multiple mechanisms in place for the differentiation of effector and memory cells. Understanding these aspects of dividing lymphocytes will greatly aid in the development of adoptive immunotherapy to generate antigen-specific effector cells for immediate effector function as well as long-term protection through the generation of memory cells. It will be interesting to see if these mechanisms can be exploited by means of manipulating the IS in vitro to enhance the generation of memory T cells or to identify and isolate effector or memory precursors early during the immune response for further expansion ex vivo.
EFFECTOR SYNAPSES
Many studies on the synapse have been performed with naive or resting CD4
+ T cells to study induction of long-term processes such as cytokine production and proliferation. Acutely activated effector T cells may also form distinct shorter-lived interactions to execute effector programs with prestored or rapidly generated proteins. The IS forms in other cell types, such as B cells, natural killer (NK) cells, and CTLs. Here we focus only on recent progress on cytotoxic, regulatory, and virological synapses (summarized in Table 2 ).
Cytotoxic T Lymphocyte Synapses
The classical view of a CTL is as a serial killer that forms a well-organized IS that is short lived (in vivo and in vitro), with a life span of 20-30 min. Similar to the CD4 + T cell IS, the CTL synapse consists of the same pattern of SMACs, but it also contains a distinct secretory domain (92) . The pSMAC also contributes to CTL cytolytic function in several ways. Blocking LFA-1 (CD11a/CD18) and ICAM-1 (CD54) interactions leads to decreased sensitivity and ability of CTL to lyse target cells (93, 140) . Forming a complete pSMAC ring is important for CTL efficiency, and failure to do so decreases killing efficiency at least threefold (51, 140). Thus, a kinapse is not expected to be an efficient configuration for target killing. Both actin and microtubules play a key role in cytolytic function. Upon antigen recognition on the target cell, MTOC polarizes rapidly toward the synapse. Lytic granules are trafficked to the IS along microtubules and accumulate at the interface just below the plasma membrane (51). A void of cortical actin opens up just below the cSMAC, which allows for lytic granule delivery to the target. The MTOC transiently contacts the plasma membrane at the cSMAC and directly delivers the lytic granules to the synapse (92) . TCR signaling contributes to MTOC polarization through Lck and Fyn (97, 141) . Lck can be found in CD8 T cell cSMACs (11) . The actin cytoskeleton rearrangements upon CTL IS formation may be linked to MTOC polarization through the interaction of Cdc42 with IQGAP1 (103), a cytoskeletal regulator, which interacts with both actin and the plus-ends of microtubules (92, 142, 143) . This may connect actin reorganization at the IS with MTOC polarization in a single mechanism. + (Th) and CD8 + cells, B cells, and DCs through an antigen receptor and cell contact-dependent mechanism (144, 145) . Tregs decrease the stability of in vivo T cell-DC synapses formed by conventional T cells and other Tregs (146, 147) .
Regulatory T Cell Synapses
Comparison of the ability of Tregs and Th cells to form an IS on supported planar bilayers revealed that human Tregs form a more stable IS than do Th. The Treg IS has less phosphorylated Src family kinases and a near absence of PKCθ and Carma-1 (A. Zanin-Zhorov, Y. Ding, M. Attur, K. Hippen, M. Brown, B. Blazar, S. Abramson, J. Lafaille, and M. Dustin, manuscript submitted). The higher IS stability seems to be mediated by the exclusion of PKCθ from the IS, which leads to attenuated NF-κB activation. NF-κB activation appears to antagonize Treg function, which is consistent with recent evidence that TNF-α directly suppresses Treg function through TNFRII signaling, which activates NF-κB and downmodulates Foxp3 expression (148) . Recent studies have reported that both PKCθ and NF-κB are critical for regulating the development and Another example of altered TCR-induced signaling pathways in Tregs is provided by a recent study demonstrating that human Tregs fail to phosphorylate AKT upon TCR-mediated activation and that restoration of AKT activity in Tregs reversed their suppressive capacity (151) . Thus, the defect in the ability of Tregs to fully activate AKT contributes to their unique suppressive function.
Synapse stabilization may enhance Treg function, as suggested by recent evidence that the IS plays an important role in Treg effects mediated through DCs (144, 152) . Thus, tight regulation of NF-κB activation could be critical for Treg function, and further detailed characterization of this unique signaling induced upon IS formation in Tregs may offer new therapeutic strategies in inflammatory disease.
Virological Synapses
Viruses such as HIV-1, human T cell lymphoma virus-1 (HTLV-1), and herpes simplex virus (HSV) (153-155) have co-opted components of the IS to form a similar structure referred as the infectious or virological synapse (VS). These processes have not been subdivided in the literature, but it is convenient to define an infectious synapse as a junction through which a virion harbored by a noninfected cell such as a DC is transferred and infects a CD4 T cell (156) . The VS could then be defined as a junction for transfer of virus from an infected T cell to a noninfected T cell (153, 157) . We discuss the organization and structure of the VS for HIV-1 and a model system that we have constructed in which the infected cell is replaced by a supported planar bilayer.
VS formation occurs when the HIV-1 envelope protein, gp120, is expressed on the plasma membrane of the infected cell and engages CD4 along with either CCR5 (CD195) or CXCR4 (CD184) chemokine receptors on the target cell (157) (158) (159) . HIV-1 gp120 presented with ICAM-1 in a supported planar bilayer induces assembly of a VS with IS-like supramolecular structures: gp120 clusters to form a cSMAC-like structure and segregate from LFA-1-ICAM-1 that forms a pSMAC (160) . A VS is transient, persisting for about 15 min (160). Soluble gp120 (and cell-free virion) can activate various intracellular signaling events in T cells and macrophages (161) (162) (163) (164) , including activation of focal adhesion kinase (FAK) (165, 166) , Pyk2 (167) , and the mitogen-activated protein kinase (MAPK) pathway (168, 169) , as well as Ca 2+ influx in T cells (170) and translocation of nuclear factor of activated T cells (NFAT) to the nucleus (171) . T cell signaling triggered by gp120 in the context of the VS has never been studied but would be important because viral life cycle depends on T cell activation. TCR machinery is recruited and activated in the VS, but its spatial-temporal organization differs greatly from the one in the IS. A better understanding of the molecular details and biological consequences of VS may lead to the development of novel intervention strategies that block HIV-1 cell-to-cell spread within an infected host.
SYNAPSE STABILITY AND KINAPSES
We have observed that while naive T cells are forming stable synapses on supported planar bilayers, they routinely break pSMAC symmetry, migrate away, and reform synapses elsewhere with a periodicity of about 20 min (80) . This interconversion between stable and migrating morphologies is reciprocally regulated by PKCθ and WASp pathways. PKCθ-deficient T cells form hyperstable synapses, whereas WASp-deficient T cells cannot reform a symmetrical IS after initial destabilization. This is consistent with Tregs having hyperstable synapses and trace levels of PKCθ at the synapse. We have suggested that PKCθ promotes destabilization via myosin IIA contraction, which favors motility. In migrating cells, myosin IIA promotes fast amoeboid locomotion by inactivating LFA-1 at the trailing edge. Similar activity may produce breaking of the LFA-1-ICAM-1-dominated pSMAC. Contraction can reduce contact surface, leading to asymmetry in the F-actin flow leading to motion. Thus, the balance between polymerization and contraction of the actin cytoskeleton seems to control the transition between symmetric synapses and asymmetric kinapses. The transition from migratory to stopped T cell is still poorly understood. We know Ca 2+ signals and antigen are important for stopping. But how do these signals affect locomotion? How do antigenic signals reset actin polymerization from a migrating to a gathering orientation? Can a single MC induce stopping in vivo? Woolf et al. (172) demonstrated that solid-phase CCL21 chemokine at >100 molecules/μm 2 drives rapid migration of naive T cells in vitro without adhesion molecules. This finding enables the incorporation of a physiological go signal into in vitro models of synapse formation. We still must translate the in vitro lessons of T cell activation to the in vivo environments of the immune system.
IN VIVO SYNAPSES AND T CELL ACTIVATION
The in vivo image of T cell activation is a bit more complex. Von Andrian and colleagues (9) developed an experimental system that uses subcutaneous injection of labeled, LPS-activated DCs followed by intravenous injection of naive transgenic CD8 + T cells. Using intravital TPLSM, they tracked the behavior of these cells and observed a three-phase model for T cell activation: (9) During the first 8 h after entering the lymph node, the T cells establish only short-lasting contacts with DCs while upregulating activation markers. The following 12 h are characterized by the formation of stable, longer-lasting (up to 1 h or more) T cell-DC contacts and the production of cytokines. After 24 h, T cells return to their fleeting, motile behavior and start to proliferate.
In a subsequent study, they investigated the contributions of peptide quality and quantity on T cell behavior. They found that reducing the antigenic stimulus-either by using APL with lowered TCR affinities, by reducing the density of pMHC complexes per APC, or by reducing the number of antigen-bearing APCs-had the same effect of increasing the length of phase 1 (173) .
In collaboration with the Nussenzweig laboratory, we utilized a system in which the antigen is targeted to endogenous DCs by coupling the peptide to an anti-DEC-205 antibody under priming (in the presence of anti-CD40 antibody) or tolerizing (without anti-CD40) conditions (174) . We imaged naive T cell behavior by TPLSM and found rapid arrest after encountering antigen during the first 6 h, often near HEV sites of entry. T cells regained their motility after 18-24 h, correlating to von Andrian's phases 2 and 3, respectively. Under both tolerizing and priming conditions, T cells formed conjugates with DCs. The use of APL in this model revealed that upregulation of CD69 and retention in the lymph node was independent of the potency of the pMHC complex (124) . However, only engagement with high-potency pMHC complexes leads to a Ca 2+ fluxing and complete T cell arrest.
Several groups have established experimental model systems to study the nature of T cell-DC interactions in vivo, and differences in observations clearly reflect differences in the setup and level of stimulation established (175, 176) . For example, if T cells encountered a large number of cognate pMHC complexes, they engaged more rapidly with DCs in tight contacts, which may be one explanation for the difference in our system, in which T cells arrested almost immediately after transfer. Von Andrian and colleagues (173) suggest that T cells integrate their received signals while sampling the APCs during phase 1, which leads to transition to phase 2 and T cell activation upon reaching a certain threshold. But in this context, T cells may arrest on the very first DC they encounter (177) . Also, the in vivo situation is complicated by the fact that T cell arrest can be negatively regulated by or the presence of Tregs (146) and that chemokines present in the microenvironment (e.g., CCL21) influence the kinetics of T cell-DC interactions (179) .
Changes may still occur before final publication online and in print. 
Effector T Cell Synapses In Vivo-Viral Activation
Viruses have adapted many immune escape mechanisms to guarantee their own propagation and spreading. Several studies have demonstrated the impact of virus infection on the formation of the IS. Most of these findings were derived from in vitro studies, which, as in the case of naive T cell activation, leave room for questioning their significance in the in vivo setting. The advent of high-resolution imaging techniques will allow us in the near future to address the role of IS formation during the immune response and during viral escape directly. A key finding was provided by Barcia et al. (180) , who investigated a model of adenoviral infection of astrocytes in the central nervous system. They used Confocal imaging of brain sections from infected rats to demonstrate that the formation of the SMAC precedes the clearance of infected astrocytes. Initially, CD8 T cells exhibited a staining pattern in which phosphor-Lck and phosphor-ZAP-70 polarized toward target astrocytes. Later, TCR surrounded by an LFA-1 ring-like structure was found at contact areas with infected cells. This strongly suggests the presence of an IS in vivo. HIV-1 also modifies the assembly of the IS (181) . Most relevant for the in vivo situation, Thoulouze et al. (182) showed that HIV-1-infected T cells poorly conjugated with B cells, which serve as APCs in this setting, and TCR clustering at the site of the synapse is severely reduced. Interestingly, this was predominantly attributable to the presence of the viral protein Nef, which has a central role in HIV-1 pathogenesis. It was therefore proposed that this provides a countermechanism that prevents hyperactivation of HIV-1-infected T cells, which will lead to apoptosis and an end to the virus life cycle (181) .
Another example of viral interference with the IS is respiratory syncytial virus (RSV), a common respiratory pathogen in children that impairs adaptive immune responses in vivo (183) . In an in vitro system, González et al. (184) showed that RSV-infected DCs cannot stimulate T cells because of impaired IS assembly as assessed by Golgi polarization.
In Vivo T Cell-B Cell Contacts
A series of multiphoton microscopy studies have recently shed light on the peculiarities of synapses at each of these stages within intact lymphoid organs, as well as on the similarities and differences that exist between T cell-B cell and T cell-DC synapses (185) (186) (187) . T cell-B cell synapses are classically thought to occur in two spatially and temporally distinct settings: (a) the T:B border phase, which takes place during the first few days of an immune response, and (b) the germinal center (GC), which peaks at about one week later. Both stages of interaction involve previously activated T cells. During the initial phase, T cells and B cells engage in extended contacts at the border between T zone and follicle (185), some lasting for over 40 min. Similar to T cell-DC synapses, T cells also arrest on B cells, but the B cells continue to migrate, carrying the T cells with them (185) . These motile conjugates have been described as serially monogamous: T cells engage a single B cell at a time but can hop to a new B cell (188) . It is unclear why these conjugates continue migrating and what consequence this has on signal integration for the B and T cells. One possibility is that motility of a B cell-T cell pair may increase the likelihood that the T cell will encounter another B cell of higher affinity for the antigen (and therefore with higher surface peptide density), thus promoting partner exchange for B cells with higher-affinity B cell receptor (BCR). A caveat of this study is the use of B cells with extremely high affinity (the HELspecific MD4 BCR) as well as on a relatively high dose of antigen; it would therefore be interesting to determine whether such extended interactions also occur in lower affinity/avidity settings.
In contrast to the extended contacts observed at the T:B border, synapses between T and B cells in the GC are much shorter lived (186) . Synapses in the GC are rare and short, 
In Vivo Cytotoxic T Lymphocyte Contacts
CTLs appear to use synapse or kinapse modes of interaction with target cells in tumors or viral infection sites, respectively. CTLs interacted with tumor targets that were killed, as detected by a caspase biosensor, after ∼6 h of stable contact (190) . This surprisingly long duration of contact may reflect an unfavorable tumor environment. CTLs specific for LCMV were slowed in contact with infected meningeal fibroblasts but did not arrest during an immune response, leading to fatal meningitis (191 (14, 45) . Levels of pMHC on endogenous DCs may be lower than the levels used in our in vitro models. The rigid and flat nature of the glass-supported bilayer may also drive kinetic size segregation. Chemokinetic signals may often be absent or excessive in simplified in vitro systems. In vitro cell:cell conjugates tend to have multifocal synapses (193) . 18 Fooksman et al.
Changes may still occur before final publication online and in print. Finally, we must recognize that the APC is contributing mechanical and functional contributions to IS surfaces. Recent studies have identified new roles for the APCs in modulating synapse structure and function (194, 195) . We are careful to use the word amplification rather than artifact; the biology and signaling is the same, but we need to remind ourselves that the overall size/structure we see is tunable to the factors and constraints we introduce.
CONCLUDING REMARKS AND FUTURE QUESTIONS
In this review, we have tried to focus on the studies that have changed our view of the T cell synapse in the past few years. 
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